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Although round spermatid injection can be used to create progeny for males who do not produce mature sperm, the rate of successful
embryogenesis after such procedures is significantly lower than that for similar procedures using mature spermatozoa. The mechanisms underlying
this difference are unknown. In this study, we demonstrate that, unlike the normal paternal genome, the paternal zygotic genome derived from a
round spermatid is highly remethylated before first mitosis after demethylation. Genomes from elongated spermatids exhibited an intermediate
level of DNA methylation, between those of round spermatids and mature spermatozoa, suggesting that the male germ cell acquires the ability to
maintain its undermethylated state in the paternal zygotic genome during this phase of spermiogenesis. In addition, treatment of zygotes with
trichostatin A led to a significant reduction in DNA methylation, specifically in the spermatid-derived paternal genome, except for the
pericentromeric regions enriched by trimethylation of Lys9 of histone H3. These data provide insight into epigenetic errors that may be associated
with the poor development of embryos generated from immature spermatozoa.
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Round spermatids are haploid cells of the spermatogenic
line from which spermatozoa are subsequently formed through
meiosis and a series of morphological and molecular modifica-
tions termed spermiogenesis (reviewed by de Kretser and Kerr,
1994). This process includes nuclear chromatin condensation,
loss of excess cytoplasm, acrosome development, acquisition
of oocyte-activating factor, and formation of a flagellum. In
mice, the significantly lower success rate for offspring
production following round spermatid injection (ROSI), as
compared to intracytoplasmic sperm injection (ICSI) (Ogura et
al., 1992; Kimura and Yanagimachi, 1995; Kishigami et al.,
2004a; Yanagimachi, 2005), may arise from differences in
spermatozoon and spermatid characteristics. In particular,
differences in chromatin structure between spermatids and0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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directly affect the later epigenetic status of the paternal
genome, such as DNA methylation in the zygote.
In addition to histone modification, DNA methylation,
which occurs predominantly at CpG dinucleotides in mammals,
serves as an epigenetic mark for chromatin and is involved in
genomic functions including gene silencing, imprinting, X
chromosome inactivation, and silencing of retrotransposons
(reviewed by Bird and Wolffe, 1999; Li, 2002). Inactivation of
the genes for three DNA cytosine methyltransferases (DNMTs)
(Dnmt1, Dnmt3a, and Dnmt3b) leads to genome demethylation
and lethality, indicating their essential roles during development
(Li et al., 1992; Okano et al., 1999); these enzymes either
maintain DNA methylation or catalyze de novo DNA methyl-
ation. Recent studies have identified protein partners for the
DNMTs including histone deacetylases, histone methyltrans-
ferases, and transcription factors (reviewed by Robertson, 2002;
Freitag and Selker, 2005). Consistent with interactions between
DNMTs and histone H3 Lys9 methyltransferases, accumulating
evidence suggests an evolutionary link between pathways for89 (2006) 195 – 205
www.e
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and Selker, 2005).
In some mammalian species, including mouse and human,
but not sheep or rabbit, the zygotic paternal genome is widely
demethylated shortly after fertilization but before DNA
replication, whereas the maternal genome remains highly
methylated (Mayer et al., 2000; Oswald et al., 2000; Dean et
al., 2001; Santos et al., 2002; Beaujean et al., 2004). This
asymmetric patterning of DNA methylation in each parental
genome at the one-cell embryo stage persists at least until the
two-cell embryo (Barton et al., 2001). Although this asym-
metric methylation state is believed to be responsible for
functional differences between the parental genomes during
development, its biological significance remains unclear.
In this study, we evaluated the DNA methylation status of
zygotic paternal genomes derived from male germ cells during
spermiogenesis. Our results indicate that (1) embryos formed
from spermatid microinsemination start to develop with
aberrant genome-wide DNA methylation states in their
paternal genomes; (2) the male germ cell acquires the ability
to maintain its undermethylated state in the paternal zygotic
genome during spermiogenesis, independent of the acquisition
of oocyte-activating ability; and (3) treatment of zygotes with
trichostatin A (TSA) leads to a significant reduction in DNA
methylation specific to spermatid-derived zygotic genomes,
except in pericentromeric heterochromatin marked by H3 Lys9
trimethylation. These findings provide insight into the repro-
gramming of zygotic paternal genomes derived from immature
spermatozoa.
Materials and methods
Animals
B6D2F1 mice (C57BL/6  DBA/2 hybrids) were used to prepare
spermatogenic cells and as oocyte donors. All animals were obtained from
SLC (Shizuoka, Japan) and were maintained in accordance with the Animal
Experiment Handbook at the Riken Centre for Developmental Biology.
Collection and culture of oocytes
Collection and culture of oocytes were performed according to described
protocols (Kishigami et al., 2004a). Briefly, oocytes were collected from
oviducts approximately 16 h after hCG injection and placed in CZB medium.
The oocytes were then placed in KSOM culture medium (Specialty Media,
Phillipsburg, NJ, USA) and incubated at 37-C under 5% CO2. For
aphidicolin- or 5-azacytidine treatment of fertilized oocytes, oocytes micro-
injected with sperm or spermatids were transferred into KSOM medium
containing 2 mg/ml aphidicolin (Sigma Chemical Co., St. Louis, MO, USA),
10 mM 5-azacytidine (Sigma), or 500 nM TSA (Sigma) within 2 h after ICSI
or ROSI. For demecolcine treatment, oocytes microinjected with sperm or
spermatids were transferred into KSOM medium including 20 ng/ml of
demecolcine (Wako; Osaka, Japan) 8 h after ICSI or ROSI and cultured for
an additional 12 h.
Microinsemination with spermatozoa (ICSI) and round
spermatids (ROSI)
Collection of spermatogenic cells and injections were performed according
to previously described methods (Kishigami et al., 2004a). For ICSI, the head
of each spermatozoon was separated from the tail by applying pulses to thehead– tail junction by means of a Piezo-driven pipette (PrimeTech; Ibaraki,
Japan). Only the sperm head was injected into each oocyte. For ROSI, oocytes
were activated by incubation in Ca2+-free CZB medium containing 5 mM SrCl2
for 20 min. Forty to 80 min after activation, the oocytes were injected with the
nuclear region of a round spermatid (characterized by a ¨10-Am diameter and a
centrally located, distinct nucleolus) (Kishigami et al., 2004b). For heat-
inactivated sperm injection, sperm were incubated at 56-C for 30 min before
ICSI (Cozzi et al., 2001), which was performed following oocyte activation as
described above for ROSI.
Indirect immunofluorescence
Zygotes generated by ICSI or ROSI were fixed overnight at 4-C in
phosphate-buffered saline (PBS) containing 4% paraformaldehyde. The fixed
zygotes were washed in PBS containing 0.1% polyvinyl alcohol (PBS/PVA)
and blocked in PBS containing 3% bovine serum albumin (BSA) and 0.2%
Triton X-100 overnight at 4-C. All subsequent steps were carried out at room
temperature.
Primary antibody incubations were carried out in PBS/PVA for 2–3
h. Primary antibodies against trimethyl lysine 9 on histone H3, acetyl-
histone H3, and acetyl-histone H4 (Upstate Biotechnology, Waltham, MA,
USA; catalogue numbers 07-523, 06-599, 06-598, respectively) were
used. After extensive washing, oocytes were stained with Alexa Fluor-
488 secondary antibodies (Molecular Probes, Eugene, OR, USA). Zygotes
were then mounted on a drop of Vectashield (Vector Laboratories)
containing 4V,6V-diamidino-2-phenylindole (DAPI). DNA was stained with
5 Ag/ml DAPI for 30 min and mounted in Vectashield. Specimens were
examined using an Olympus BX51 microscope (Olympus; Tokyo, Japan).
All images were captured with a DP70 Olympus digital camera using
Olympus Analysis software to apply color to DAPI-stained DNA (red)
and merged images.
For 5-methyl-cytosine detection, fixed zygotes were permeabilized with
0.2% Triton X-100 in PBS for 15 min at room temperature. They were then
treated with 2 N HCl at room temperature for 50 min, neutralized for 20 min in
100 mM Tris–HCl buffer (pH 8.0) (Dean et al., 2001), and extensively washed
with PBS containing 1% BSA. Subsequent steps followed the standard protocol
for indirect immunofluorescence, as described above. An anti-5-methylcytidine
antibody (Eurogentec; Seraing, Belgium; catalogue number MMS-900S-B) was
used.
For quantitative analysis of pronuclear DNA methylation levels, fluores-
cence images were subjected to densitometric analysis using the program
Image-J from the National Institutes of Health (http://rsb.info.nih.gov/ij/)
(USA). For each pronucleus, the relative intensity of methylation (RIM) of the
paternal genome was calculated as a percentage of the fluorescence intensity of
the maternal genome.
Histone H3 Lys9 trimethylation in spermatozoa and round spermatids in
seminiferous tubules was detected by indirect immunofluorescence. Freshly
collected seminiferous tubules were mounted on slides and fixed in absolute
ethanol for 10 min (Parvinen and Hecht, 1981). They were then immunostained
for trimethylation of H3 Lys9.
Statistical analysis
Data were analyzed by Scheffe tests for multiple mean comparisons
using the statistical program SPSS version 12.0 (SPSS Inc., Chicago, IL,
USA). All percentile data were subjected to arcsine transformation before
statistical analysis.
Results
DNA methylation after ICSI and ROSI
Methylation states of paternal genomes after ICSI and ROSI
were examined at various times after injection. Four hours after
injection, spermatid-derived paternal genomes exhibited
methylation similar to or greater than that of sperm-derived
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(Mayer et al., 2000), demethylation of the paternal zygotic
genome was observed within 6–8 h of fertilization by ICSI
(Fig. 1B). At 6 h after ROSI, the spermatid-derived paternal
genome in more than 40% of zygotes was found to be
undermethylated, similar to the sperm-derived paternal ge-
nome. Thus, genomes derived from spermatids were demethy-
lated to some extent, like those derived from mature sperm,
whereas the maternal genomes remained highly methylated
(Figs. 1B and G).
Surprisingly, at 10 h after ROSI, the sperm- and spermatid-
derived paternal genomes exhibited different methylation states.
Methylation of the entire spermatid-derived genome was greater
than that of the mature sperm-derived paternal genome,
particularly around the prenucleolar body (Figs. 1C and H).
This difference in DNA methylation patterns after ICSI and
ROSI was evident in 90% of zygotes when they were cultured
for 20 h in the presence of 20 ng/ml demecolcine (Figs. 1D and
I), which both arrest the cell cycle at the M phase and prevent
pronuclear fusion (Supplementary Fig. S1).
These results indicated that genome-wide DNA hyper-
methylation of spermatid-derived zygotic genomes was caused
by remethylation occurring before the end of first mitosis,
irrespective of possible transient demethylation after fertiliza-
tion (Figs. 1K and L; Supplementary Fig. S2). Furthermore,
hypermethylation of spermatid-derived genomes was not
observed at 10 h after microinjection, when zygotes were
cultured in the presence of the DNA polymerase inhibitor
aphidicolin (2 mg/ml) (Figs. 1E and J). These data suggest that
remethylation requires DNA replication at the S-phase of the
first mitotic cell cycle after demethylation.
Developmental acquisition of persistence of decreased
methylation of the paternal zygotic genome during
spermiogenesis
We next examined the developmental acquisition of the
ability of spermatozoa to maintain their genomes in a state of
decreased methylation during spermiogenesis. Spermatogenic
cells at different stages, including elongated spermatids with
oocyte-activating ability, were injected. Twenty hours after
injection, the paternal genome derived from the elongated
spermatids displayed an intermediate level of methylation,
between the levels of the sperm- and round spermatid-derived
paternal genomes (Fig. 2A). However, no difference in
methylation levels was observed for paternal genomes from
testicular vs. epididymal-derived spermatozoa (Fig. 2A).
In mice, round spermatids cannot activate oocytes. Therefore,
artificial activation, such as Sr2+ treatment or electrical
activation, is required either before or after ROSI but is not
required for ICSI (Kimura and Yanagimachi, 1995; Yazawa et
al., 2000; Kishigami et al., 2004a). To examine whether this
aspect of the ROSI protocol might affect methylation status, we
heated mature spermatozoa to destroy their ability to activate
oocytes (Cozzi et al., 2001; Supplementary Fig. S3). When we
then used these heat-treated sperm for microinjection with the
aid of artificial activation by Sr2+, as for ROSI, no significantdifference in the zygotic DNA methylation patterns from heated
vs. normal sperms was observed at 8 or 20 h after injections (Fig.
2B and Table 1). These data suggest that the ability to maintain
undermethylation in the paternal genome from sperm through
the first embryonic mitosis is acquired during spermiogenesis,
independently of the acquisition of oocyte-activating ability.
To further examine the remethylation process, we co-
injected mature spermatozoa and spermatids into oocytes that
had not been artificially activated (Kishigami et al., 2004a).
After 10 and 20 h in culture without aphidicolin, two sets of
highly methylated genomes and an undermethylated genome
were found within one zygote (Fig. 2C). In contrast, after 10
h in culture with aphidicolin, only one set of highly
methylated genomes and two sets of undermethylated
genomes were found within one zygote (Fig. 2C), confirming
the hypermethylation in one set out of the above two sets of
highly methylated genomes is dependent on the DNA
replication. These data indicate that the presence of both the
sperm and spermatid paternal genomes within the same oocyte
had no effect on DNA methylation. Therefore, sperm-derived
factor(s) are apparently not involved in maintenance of the
decreased methylation state of spermatid-derived genomes,
even though those factors may be involved specifically in
maintaining decreased methylation states of sperm-derived
genomes. Furthermore, these data suggest that no spermatid-
derived factor causes the hypermethylation state of the sperm-
derived genome.
TSA-sensitive DNA methylation specific to the
spermatid-derived zygotic genome
To examine the dependence of remethylation on DNA
methyltransferases (DNMTs) after ROSI, zygotes generated
by ICSI and ROSI were cultured for 20 h in medium
containing 10 mM 5-azacytidine (5-aza), a potent inhibitor of
DNMTs (Christman, 2002). The zygotes treated with 5-aza
after ROSI had undermethylated paternal genomes (Fig. 3A
and Table 1), confirming that the spermatid-derived paternal
genome is highly methylated by DNMT-dependent remethy-
lation after fertilization. Surprisingly, culturing zygotes in the
presence of 500 nM TSA, an inhibitor of histone deacetylase
(Yoshida et al., 1990), dramatically reduced DNA remethyla-
tion in the spermatid-derived zygotic genome, except in the
punctate regions (Fig. 3B and Table 1). In contrast, DNA
methylation in the maternal zygotic genome persisted under
TSA treatment, as is consistent with a recent report (Spinaci
et al., 2004). The actual effects of TSA treatment on the
degree of histone acetylation of each parental genome were
confirmed by observations of dramatically increased acetyla-
tion of histones H3 and H4 of both parental genomes after
ICSI and ROSI (Fig. 3C).
Histone H3 Lys9 trimethylation marks TSA-resistant DNA
methylation
After normal fertilization, Lys9 of histone H3 of the
maternal genome is thought to be highly di- and trimethylated
Fig. 1. Different DNA methylation states of paternal genomes after ICSI and ROSI in one-cell mouse embryos. Zygotes were stained with anti-5-methyl-cytosine
(MeC) (Green) and merged with DNA (red). (A–D) Zygotes at various times after ICSI: at 4 h (n = 49) (A); at 6 h (n = 46) (B); at 10 h (n = 46) (C); at 20 h under
demecolcine (n = 54) (D). (F– I) Zygotes at various times h after ROSI: at 4 h (n = 33) (F); at 6 h (n = 27) (G); at 10 h (n = 45) (H); at 20 h under demecolcine (n =
50) (I). (E, J) Some zygotes were cultured for up to 10 h in the presence of 2 mg/ml of aphidicolin. Scale bar = 10 Am. (K) At each point, the paternal methylation
states were visually categorized into three groups based on the relative ratio of paternal to maternal methylation: undermethylation (<40%, white bars), moderate
methylation (40–60%, gray bars), and hypermethylation (>60%, black bars). The proportions of zygotes in each group at each point are shown as percentages. (L)
Suggested scheme for the time course of DNA methylation of the parental zygotic genome after injection.
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On the other hand, H3 Lys9 in the paternal genome is
maintained in an undermethylated state at the zygote stage
(Arney et al., 2002; Cowell et al., 2002; Erhardt et al., 2003;
Liu et al., 2004; Santos et al., 2005). In our study, H3 Lys9
trimethylation of the spermatid-derived genome was observedFig. 2. Acquisition of the paternal capacity for DNA undermethylation during sperm
states of zygotic paternal genomes were examined following 20 h culture under deme
spermatids (n = 38), testicular sperm (n = 12), and epididymal sperm (n = 52). The d
that of the maternal genome (mean T SEM). (B) Heat-inactivated spermatozoa were i
were co-injected into one oocyte. Zygotes were cultured for 10 h with (n = 12) or wi
Scale bar = 10 Am.around the prenucleolar bodies, where the pericentromeric and
centromeric satellites are localized (Arney et al., 2002; Dillon
and Festenstein, 2002; Santos et al., 2005), throughout
interphase (Fig. 4A). H3 Lys9 trimethylation was also found
in punctate regions, corresponding to the pericentromeric
regions, at metaphase 20 h after ROSI (Fig. 4A). Further-iogenesis is independent of oocyte-activating ability. (A) The DNA methylation
colcine after injections of male germ cells: round spermatids (n = 32), elongated
egree of DNA methylation of each paternal genome is shown as a percentage of
njected according to the ROSI protocol. (C) One sperm and one round spermatid
thout (n = 13) aphidicolin and for 20 h in the presence of demecolcine (n = 15).
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3B) overlaps with H3 Lys9 trimethylation in the spermatid-
derived genome (Fig. 4B). Taken together, these resultssuggest that those genomic regions that are insensitive to
TSA correspond to the pericentromeric regions marked by H3
Lys9 trimethylation.
Table 1
Methylation level of zygotic paternal genome
Injected male
germ cell
Chemical
treatmenta
No. of
zygotes
Ratio of methylation
level in paternal vs.
maternal genomes (%)b
TSEM
Sperm from epididymis – 52 34.9d 1.5
Sperm from epididymis Heated 14 37.4d 2.6
Sperm from epididymis +5-aza 23 17.5e 1.7
Sperm from epididymis +TSA 13 8.2e 1.1
Round spermatid – 32 77.0d 2.0
Round spermatid +5-aza 18 54.9e 3.0
Round spermatidc +TSA 23 42.5e 3.3
Data were analyzed by a test as a multiple mean comparison test. d versus e,
P < 0.01.
a Each reagent was added to culture media except the case of Heated in which
heated sperms were injected.
b DNA methylation level in each parental genome set was quantified after 20
h culture in the presence of demecolcine.
c DNA methylation in paternal genome was observed mainly around
centromeric regions of each chromosome.
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spermatid-derived zygotic genomes, we stained spermatogenic
cells within the seminiferous epithelium for H3 Lys9 trimethy-
lation. H3 Lys9 trimethylation could not be detected in
spermatozoa. In spermatids, however, it was localized in the
chromocenter (Fig. 4C), where the centromeric heterochroma-
tin regions of all chromosomes are associated (Pardue and Gall,
1970; Hoyer-Fender et al., 2000). This difference in H3 Lys9
trimethylation was confirmed by the staining of oocytes shortly
after injections of sperms and spermatids (Fig. 4D). Thus, H3
Lys9 trimethylation in round spermatids appears to persist
through the one-cell stage after ROSI, as does that of the
maternal genome.
Discussion
In the present study, we have described the epigenetic
abnormalities of round spermatid-derived zygotic genomes
after ROSI. These genomes are susceptible to DNA demethy-
lation but lack the ability to prevent remethylation. This
abnormality leads to different methylation statuses of the
paternal genomes after ICSI vs. ROSI at the end of the first
embryonic mitosis. Together with results from our elongated
spermatid injection experiments, these data suggest that, during
spermiogenesis, the developing male germ acquires the
capacity to maintain the paternal genome in an undermethy-
lated state during the one-cell stage. Furthermore, we have
found high levels of histone H3 Lys9 methylation around the
pericentromeric regions of spermatid-derived zygotic genomes,
whereas sperm-derived genomes are undermethylated (Arney
et al., 2002; Cowell et al., 2002; Erhardt et al., 2003; Liu et al.,
2004; Santos et al., 2005). Thus, zygotic genomes derived from
spermatids are distinguishable from normal zygotic paternal
and maternal genomes in terms of epigenetic modifications.
We found that at 10 h after oocyte activation more than 80%
of embryos showed either high (53%) or moderate (33%)
methylation in the spermatid-derived-genome. This time point
of 10 h after activation corresponds to the S-phase (Aoki andSchultz, 1999). Furthermore, no difference in time points for
the entrance of ICSI and ROSI embryos into the first M-phase
(about 14h after activation) was observed (data not shown). We
have already revealed that aphidicolin, the DNA polymerase
inhibitor, prevents this hypermethylation. Together, these data
suggest that the abnormal DNA methylation in the spermatid-
derived genome occurs mainly during S-phase.
What is the origin of the difference between DNA
methylation states for ICSI- vs. ROSI-derived zygotes? The
result from our experiments, in which sperms and spermatids
were co-injected into a single oocyte, suggests that a cis-acting
factor, such as histone modification associated with the mature
sperm-derived genome, is essential for maintenance of under-
methylation of the male genome, rather than a trans-acting
factor.
Although histones of the sperm-derived paternal genome
are provided by the oocytes after replacement of protamines
(Nonchev and Tsanev, 1990), most of the histones present in
the spermatid-derived paternal genome may be those
originally carried by the spermatid. In fact, we observed
that round spermatids, but not spermatozoa, exhibit H3 Lys9
trimethylation. After ROSI, the intrinsic H3 Lys9 trimethyla-
tion in the spermatid itself is maintained through the first
mitosis. Thus, it may be reasonably concluded that differ-
ences in chromatin reconstruction in mature sperm- and
spermatid-derived genomes after fertilization lead to the
observed differences in DNA methylation in the paternal
zygotic genome.
During the development of male germ cells, a variety of
histone variants and their modifications are uniquely utilized at
each developmental stage (Khalil et al., 2004; Kimmins and
Sassone-Corsi, 2005). Therefore, paternal zygotic genomes
derived from different stages of male germ cells would
reasonably be predicted to carry different epigenetic modifica-
tions. These different epigenetic states may lead to different
success rates for offspring production from mature sperm,
round spermatids, and spermatocytes (Ogura et al., 1994;
Kimura and Yanagimachi, 1995; Ogura et al., 1998).
A similar phenomenon of inefficient demethylation and
inappropriate reestablishment of DNA methylation has been
observed in somatic nuclear transfer (Dean et al., 2001; Kang
et al., 2001; Bourc’his et al., 2001; Kang et al., 2002).
Abnormal DNA methylation may contribute to the chronic
developmental defects exhibited by many cloned embryos
(Kang et al., 2003). Interestingly, the majority of somatic
cloned embryos also exhibit H3 Lys9 hypermethylation
associated with DNA hypermethylation (Santos et al., 2003).
During somatic nuclear transfer, nuclei from somatic cells also
carry their own histones and histone modifications into injected
oocytes, as occurs in ROSI. Therefore, the histone modifica-
tions carried by round spermatids and somatic cells may be the
cause of aberrant DNA methylation patterns after ROSI, by a
similar mechanism.
Methylated H3 Lys9 has been proposed as marking the
chromatin regions that are involved in heterochromatin
formation and euchromatic gene silencing (Richards and Elgin,
2002; Noma et al., 2001; Peters et al., 2002). Recently, a close
Fig. 3. Inhibition ofDNAhypermethylation of spermatid-derived zygotic genomes by 5-azacytidine and trichostatinA (TSA). (A) ICSI- andROSI-derived zygoteswere
cultured in the presence of 10mM5-azacytidine for 20 h, resulting in asymmetric patterns of DNAmethylation between thematernal and paternal genomes. (B) ICSI and
ROSI zygotes were cultured in the presence of 500 nMTSA for 20 h, leading to a significant reduction of DNAmethylation except for punctate regions in the spermatid-
derived paternal genome. (C) TSA treatment-induced hyperacetylation of histones H3 and H4 in both maternal and paternal genomes. ICSI- and ROSI-derived zygotes
were cultured with or without 500 nM TSA for 10 h and subjected to immunostaining to detect acetylation of histones H3 and H4, respectively. Scale bar = 10 Am.
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states of histone H3, at Lys9 in particular, has been suggested
to exist in organisms from Arabidopsis to mammals (Freitag
and Selker, 2005; Gendrel et al., 2002). In Neurospora, H3Fig. 4. H3 Lys9 trimethylation marks TSA-resistant DNA methylation at peric
trimethylation was detected mainly around nucleoli in the spermatid-derived zygotic
ROSI. (B) Co-localization of DNA methylation and H3 Lys9 trimethylation afte
trimethylation were visualized when zygotes were cultured with or without TSA a
spermatozoa but was detected in the chromocenter of each round spermatid. F
trimethylation of H3 Lys9. Spermatozoa (arrowheads) and round spermatids (arrows
their sizes. (D) Oocytes were fixed within 20 min after injection of either heat-inactiv
Lys9 trimethylation. No signal was detected in the sperm-derived genome. By cont
corresponding to the chromocenter. The metaphase II chromosomes (MII) of the ma
genome staining patterns. Scale bar = 10 Am.Lys9 trimethylation, but not dimethylation, is involved in DNA
methylation (Tamaru et al., 2003). In mouse, DNA methylation
of major satellites in pericentromeric regions marked by H3
Lys9 trimethylation is reduced in double mutants of Suv39h, aentromeric regions of the spermatid-derived zygotic genome. (A) H3 Lys9
genome but not in that derived from mature spermatozoa at 10 h after ICSI and
r TSA treatment of ROSI-derived zygotes. DNA methylation and H3 Lys9
fter ICSI and ROSI. (C) H3 Lys9 trimethylation was undetectable in testicular
reshly collected seminiferous tubules were subjected to immunostaining for
) were identified by their phase-contrast images and nuclear staining as well as
ated spermatozoa or round spermatids and subjected to immunostaining for H3
rast, injected round spermatids exhibited high methylation in the central region
ternal genome were highly methylated. Insets are enlargements of the paternal
Fig. 4 (continued ).
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(Lehnertz et al., 2003). Furthermore, a recent report has
suggested an association between dimethylation, but not
trimethylation, of H3 Lys9 and DNA methylation, in the
female pronucleus (Santos et al., 2005). Therefore, methylation
of histone H3 at Lys9 may partly contribute to the abnormal
DNA methylation in the spermatid-derived genomes.
In our study, trimethylation of histone H3 at Lys9 in
spermatid-derived zygotic genomes was restricted to the
perinucleolar region, which may explain why the spermatid-
derived genomes were demethylated like sperm-derived
genomes (Santos et al., 2005). Unfortunately, we could not
identify the histone modifications involved in DNA hyper-
methylation of the spermatid-derived genome. We did find
that most of the remethylation in the spermatid-derived
genome is sensitive to TSA, whereas DNA methylation in
the maternal genome is not. Furthermore, we found that
TSA-resistant remethylation in the spermatid-derived genome
is restricted to the pericentromeric regions marked by H3
Lys9 methylation. Although the total acetylation levels of
histones H3 and H4 for the paternal genomes derived from
sperm and spermatids were not significantly different, the
level of acetylation on specific histone residues maycontribute to an aberrant methylation pattern. Thus, DNA
methylation sensitivity to TSA differs for spermatid-derived
paternal zygotic genomes, as compared to maternal zygotic
genomes, and even varies within the spermatid-derived
genome itself.
This idea is consistent with previous observations that
TSA selectively inhibits DNA methylation, depending on the
cell type and genomic region (Selker, 1998; Hattori et al.,
2004). Here, our results raise an interesting question: would
TSA-provoked suppression of remethylation in the sperma-
tid-derived genome improve the success rate of ROSI? TSA-
treated preimplantation embryos exhibit developmental tox-
icity (Ma et al., 2001). However, application of TSA in the
correct amount to ROSI zygotes might improve their
subsequent embryonic development since TSA treatment
reduces zygotic DNA methylation specifically in the sper-
matid-derived genome. Thus, ROSI embryos provide a
uniquely suited model for studies of paternal genome
reprogramming.
To date, no epigenetic abnormalities of embryos have been
reported after ROSI in the mouse, and the embryos that develop
have normal parental genomic imprinting (Shamanski et al.,
1999). In contrast, our results show that ROSI embryos develop
S. Kishigami et al. / Developmental Biology 289 (2006) 195–205204with genome-wide, aberrant DNA methylation states, which
may affect subsequent zygotic genome activation. Consistent
with this idea, mouse preimplantation embryos generated by
ROSI are reported to express decreased levels of some zygotic
genes (e.g. hsp70.1) (Ziyyat and Lefevre, 2001) and to express
abnormally elevated levels of the retrovirus-like mobile element
intracisternal A particle (Hayashi et al., 2003).
In conclusion, we propose that the aberrant DNA methyl-
ation of the spermatid-derived zygotic paternal genome may
disrupt subsequent zygotic gene expression, leading to the
significantly lower success rates observed for microinsemina-
tion of immature vs. mature spermatozoa. Our results provide
insight into the mechanism underlying abnormal gene expres-
sion in ROSI embryos and also must serve as a warning of the
potential risks of ROSI in clinical attempts to resolve severe
human male infertility (Tesarik et al., 1998).
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